Background The renewed popularity of resurfacing hip arthroplasty in the last 10 years has generated a remarkable quantity of scientific contributions based on mid-and shortterm follow-up. More than one paper has reported a consistent early revision rate as a consequence of biological or biomechanical failure. Two major complications are commonly described with resurfacing implants: avascular necrosis and femoral-neck fracture. A close relationship between these two events has been suggested, but not firmly demonstrated, whereas cementing technique seems to be better understood as potential cause of failure. Methods We performed an in vitro study in which four different resurfacing implants were evaluated with a simulated femoral head, two types of cement, (low and high viscosity) and two cementing techniques: direct (cement apposition directly on the femoral head) and indirect (cement poured into the femoral component). Results High-viscosity cement showed homogeneous distribution over the entire femoral head. Low-viscosity cement showed a massive polar concentration with insufficient, if not absent, distribution in the equatorial zone. Conclusion Polar cement concentration could be a risk factor for early implant failure due to two effects on the femoral head: biological (excessive local exothermic reaction could cause osteocyte necrosis) and biomechanical (which could lead to uneven load distribution on the femoral head).
Introduction
Concepts in total hip replacement are significantly orientated towards conservative procedures, both for surgical approaches and implants. With regard to implants, resurfacing arthroplasty represents the most conservative solution: it carries a high potential both for joint biomechanical restoration and femoral bone preservation. This potential is extremely attractive for young and active patients. However, some concerns about short-and mid-term reliability are still debated, in particular the incidence, within the first postoperative year of avascular necrosis and femoral-neck fractures [1, 2] . Some predictive factors for implant failure have been recognised: malpositioning, surgical approach, insufficient seating of the femoral component and cementing techniques. Malpositioning of the femoral component can now be avoided by using a computer-assisted navigation system [3] [4] [5] , and the use of safer surgical approaches [6] permit blood supply preservation to the proximal femur. However, the role of cement in implant failures is not yet entirely clear.
Material and methods
Our clinical experience is based on 148 consecutive resurfacing hip replacements performed between 2001 and 2010 in 146 patients. The mean follow-up period was 76 (range three to 108) months. Relative youth (range 30-60 years), high functional activity level, good bone stock and absence of morphological changes in the femoral head and neck were indications for this implant. The mean age of our patient cohort was 46.82 [minimum 30; maximum 59; standard deviation (SD) 6.44) years. The preoperative diagnosis was primary osteoarthritis of the hip in 131 hips (88.5%) and post-traumatic arthritis in 17 hips (11.5%). Avascular necrosis of the femoral head and femoral dysplasia, such as an extremely short femoral neck (<2 cm), were considered to be exclusion criteria. A posterolateral approach was used for all implants, and all operations were carried out by the same surgeon. & indirect, in which the cement is applied inside the femoral component.
Clinical evaluation based upon Harris Hip Score (HHS) [7] was carried out pre-and postoperatively (one, three and six months and each year thereafter). The results of radiological examinations (radiolucency, osteolysis, bone thickening, femoral notching) were analysed and registered on the basis of the Gruen scheme [8] . We also evaluated the distance between the stem and medial and lateral neck cortex on anteroposterior (AP) radiograms (calculated by establishing a ratio between the distance observed and the known dimension of the femoral component) and related this parameter and valgus orientation to the presence of superolateral notching. Heterotopic ossification was detected by standard methods and classified using the Brooker method [9] .
Results
No patient was lost during the follow-up. Only one patient was operated upon in another institution, but the indication for a revision procedure was clearly established. The survival rate at the end point was 94.6%, with eight cases revised at one and a half, four, eight and ten months postsurgery and two cases at 11, 12 and 13 months postsurgery. Indications for the revision procedure were femoral-neck fracture in five cases ( Fig. 1 ), femoral component loosening in three (Fig. 2) , painful femoral implant with incomplete radiolucency around the stem but resistance to conservative treatment (in the absence of clear radiographic signs of loosening) in one. All failures had been performed using LV cement matched with an indirect cementing technique. Upon implant removal, all presented the same pattern of cement distribution, with a massive concentration of cement in the polar region, deep radial penetration on the head portion and complete absence of cement fixation at the head-neck junction (Fig. 3) Histology revealed a severe and extensive necrosis at the bone-cement interface, with fibrous tissue formation at this level; in one case, fibrous tissue was significantly developed, as a possible spontaneous healing process of a femoral-neck fracture occuring underneath the implant and thus not compromising its gross stability. It was, however, responsible for persisting groin pain and evolved into a nonunion that was undetectable on X-rays and was only observed at implant analysis after its removal. On the basis of these evaluations, we performed an in vitro study in which we tested the behaviour of the same types of implants used in vivo with the same type of cement and cementing techniques [10] . Each resurfacing model was implanted on four synthetic femoral heads, changing cement type (HV and LV) and cementing technique. HV cement, the technique was directly on the femoral head; for LV cement, it was indirect, inside the femoral component. The specimens were cut along two perpendicular levels, passing through the prosthesis axis, creating four identical sections in which we evaluated The results were comparable with the situation in vivo (Fig. 5 ). In the presence of LV cement (matched with indirect technique), we detected extremely high cement penetration values in the polar region in all implant designs, ranging from 4.3 mm to 16.6 mm, frequently surpassing 10-mm depth (peak 16.6 mm for ASR implant), whereas low or absent penetration was observed in the equatorial region ranging from 0 mm to 2 mm (mean 0.5 mm).
Using an HV cement matched with the direct technique, we observed a cement radial penetration between 1.85 mm and 5.8 mm (mean 4.02 mm) never exceeding 6 mm from the polar to the equatorial region, producing a more homogeneous distribution at the bone-implant interface for each femoral design.
Discussion
Our results demonstrate that using the same cement type (HV or LV), radial penetration was similar for all femoral components investigated; variations became marked when comparing results obtained with different cement types. According to the results of our study, LV cement applied by an indirect technique, as initially recommended by the majority of manufacturers, tended to concentrate massively in the polar region of the prepared femoral head where cement can reach as much as 16.6 mm of radial penetration below the surface. Conversely, there was no cement at the head-neck junction. The total area occupied with cement was 223.6 mm 2 . In all examined specimens with this cementing technique and a 3°inner geometry divergent implant, absolutely no contact between the implant and femoral neck was identified. In contrast, when using HV cement with a direct technique, a more uniform and homogenous distribution was obtained all around the prepared femoral head. Cement penetration was not only limited to a maximum of 4 mm but was present at the dome of the head and at the head-neck junction, with a visible continuous bone-cement-implant interface and total area occupied by cement limited to 153.1 mm.
Such in vitro situations if applied in vivo may represent different biological and biomechanical scenarios, providing possible explanations for both major complications occurring in resurfacing arthroplasties, such as avascular necrosis and femoral-neck fracture. Biologically deep penetration of an excessive amount of cement is responsible for a negative response in the underlying cancellous bone, with consequences related to the exothermic reaction of the cement, which is directly proportional to the amount of cement invading the trabecular spaces [11] and is per se responsible for cellular damage, possibly leading to implant failure. Local exothermic reaction from cement polymerisation reaches 50-53°C in conventional cemented implants but might increase in relation to the amount of cement up to 65°C in resurfacing cups, creating complete necrosis of the osteocytes [12] at the interface with penetrated cement, spreading for several millimetres in to the noninvaded trabecular bone. The whole process, as direct consequence, will bring about fibrous tissue formation at the cement-bone interface and subsequently implant micromotion or femoral-neck fracture when the inner divergent geometry of the implant creates a lack of contact with the femoral neck. Identical findings were observed from examination of failure retrievals in our series of 148 resurfacing total hip arthroplasties performed from 2001 to 2010 using all four implants described. As mentioned, cement, rather than biological consequences, might influence the vitality of the host bone and the biomechanical performance of the implant. Predominant cement concentration over the polar region of the prepared head may be responsible for an abnormal and uneven load distribution on the femoral head [13] , with a tendency to concentrate at the head-neck junction, thereby increasing the risk of neck fracture. Moreover, the amount of cement at that site will prevent the implant from seating properly on the prepared femoral head, creating two problems: (1) Incomplete seating of the resurfacing cup leaves a portion of the head-neck junction uncovered, allowing reabsorption, leading to neck narrowing or fracture due to the increased lever moment of the implant. When a divergent inner geometry implant is used, the absence of cement in this region will increase this risk of inadequate implant fit around the neck and the possibility of fluid migration at the bone-cement interface. (2) Incomplete implant seating, determined by the presence of an excessive quantity of cement, increases the joint offset and leg length.
When using HV cement with a direct technique, cement distribution patterns are similar to those shown to be the best for cemented implants: a homogenous cement mantle around the implant, with a maximum 2-3 mm of radial penetration in the trabecular system [14] . Direct cementing allows uniform cement distribution and allows the implant to slide on the prepared bone, removing excess cement, limiting its radial penetration and sealing the head-neck region once the implant is completely seated, thus preventing fluid migration at this level, particularly in a divergent inner-geometry implant.
In conclusion this study confirms that cement and cementing technique play significant roles in the pathogenesis of resurfacing arthroplasty failures despite bone quality and surgical technique. The amount of cement and penetration is difficult to control when positioning a resurfacing femoral cup, and achieving the most appropriate patterns of distribution should be the ultimate goal. Based on our findings, HV cement with direct application on to the femur allows the greatest possibility of controlling cement distribution around the femoral head and limiting the depth of radial penetration in the trabecular system, thus limiting possible reactive bone necrosis. We suggest this will reduce the percentage of neck narrowing related to fluid penetration at an unsealed headneck junction and thus reduce neck fracture, ultimately reducing the failure rate from bone necrosis due to excessive cement.
